Abstract. Inducers of phase II detoxifying enzymes have been studied as chemopreventive agents for a variety of cancers. Phase II detoxifying enzymes may play a significant role in preventing carcinogen-induced colon cancer at the initiation and post-initiation stage, but the contribution of NAD(P) H:quinone oxidoreductase 1 (NQO1) to this effect remains unclear. Using the carcinogen-induced colon cancer SpragueDawley rat model, we previously showed that oltipraz selectively induces NQO1 in the colons of these rats without inducing other phase II detoxifying enzymes. We demonstrated that selective induction of NQO1 in the rat colon prior to treatment with a carcinogen significantly inhibited the formation of aberrant crypt foci (ACF). Using the same rat model, we found that rats fed oltipraz containing diet following treatment with the colon carcinogen, azoxymethane (AOM), had 60% fewer ACF after 12 weeks compared with rats fed a control diet. In addition, rats fed oltipraz containing diet after AOM treatment developed 40% fewer colon adenomas and fewer colon tumors than rats fed a control diet. There was also a 60% increase in the percentage of apoptotic cells in ACF from oltipraz fed rats compared with ACF from control fed rats. Together, these results suggest that NQO1 can contribute to inhibition of colon carcinogenesis at the postinitiation stage. A possible mechanism for this effect may be that induction of NQO1 increases apoptosis in carcinogen initiated colonic epithelial cells that prevents these cells from progressing to a neoplastic state. Thus, NQO1 may be an important target for chemoprevention of colon cancer.
Introduction
Colorectal cancer represents 11% of new cancers and 10% of cancer deaths in North America and occurs equally in men and women (1) . Most of these cancers are of a sporadic nature and develop from colonic epithelial cells following initiation by carcinogens. Promoters increase replication of the initiated cells in the colon leading to clonal expansion. Progression involves the evolution of these pre-cancerous lesions through a series of well defined stages from dysplastic epithelium, including the development of early lesions called aberrant crypt foci (ACF), to adenomas, malignant carcinomas and metastatic cancer.
ACF are characterized by their increased size, irregular and dilated luminal opening, thicker epithelial lining and pericryptal zone compared with normal colonic crypts (2) . Colon carcinogens have been shown to induce ACF in a dose-related manner, and known inhibitors or promoters of colon carcinogenesis inhibit or promote the number and growth of ACF in animal models. Although only a small proportion of ACF progress to become colon tumors, the number and multiplicity of these early lesions are predictive of tumor incidence (3) . Because ACF occur at an early stage of carcinogenesis, these lesions have been used effectively as a biological endpoint to study the effects of carcinogens and modifying agents (2) (3) (4) (5) and the mechanisms involved (5) .
Dietary factors have been shown to strongly influence colon cancer risk, and it has been suggested that up to 90% of colon cancers may be preventable by dietary changes (6) . Animal fat can increase cancer incidence, while fruit and vegetable intake can decrease the incidence (7) . The diet can contain mutagens that initiate carcinogenesis or promoters that enhance progression. Alternatively, dietary factors may prevent initiation of carcinogenesis by inactivating or removing mutagens, or they may inhibit progression by detoxifying promoters or by directly inhibiting the progression process.
There has been considerable interest in using dietary agents to reduce cancer risk (8) . Dithiolethiones and isothiocyanates, which occur in cruciferous vegetables are among the most potent cancer chemopreventive agents known and may exert their protective effects by inducing phase II detoxifying enzymes like NAD(P)H:quinone oxidoreductase 1 (NQO1), glutathione S-transferases (GST) and UDP-glucuronyltrans- ONCOLOGY REPORTS 21: 1559 -1565 , 2009 Inhibition of colon carcinogenesis by post-initiation induction of NQO1 in Sprague-Dawley rats ferases (UGT) (9, 10) . These enzymes can inhibit initiation of carcinogenesis by directly modifying and inactivating carcinogens and/or by modifying and increasing their conjugation to glutathione and glucuronic acid leading to their excretion from cells (11) . For example, Sugie et al (12) found a lower incidence of colon tumors in animals fed benzyl isothiocyanate prior to carcinogen exposure. However, these agents may also work at the post-initiation stage of carcinogenesis, and may directly induce apoptosis in cancer cells (13) . Smith et al (13) found fewer ACF in animals fed allyl isothiocyanate after carcinogen exposure. The dithiolethione, oltipraz, first used as an antiparasitic agent in humans (14) , also protects against carcinogenesis in the colon and other sites in rodent models (15, 16) . In addition, clinical chemoprevention trials with oltipraz showed that it can be safely given to humans and that it reduces activation and increases excretion of the hepatic carcinogen, aflatoxin M1 (17) (18) (19) (20) . For colon cancer, oltipraz increased the levels of NQO1, GST and UGT in the colons of F344 rats and reduced the number of colon tumors induced by the carcinogen, azoxymethane (AOM), when given either before or after the carcinogen (21) . Thus, not all the mechanisms involved in the preventative effects of dithiolethiones and isothiocyanates are known, and it is not clear what role each of the phase II enzymes plays in these mechanisms. We previously showed that in contrast to the findings in F344 rats, dietary oltipraz selectively induces NQO1 in the colon of Sprague-Dawley rats without increasing the levels of GST or UGT in these animals (22) . Using this animal model, we demonstrated that induction of NQO1 by oltipraz prior to administration of carcinogens significantly decreased the formation of ACF in the colons of these rats, but did not alter the distribution of crypt multiplicities. These results provided the first direct evidence that induction of NQO1 alone, without induction of other phase II detoxifying enzymes, can inhibit initiation of colon carcinogenesis, suggesting that this enzyme plays a role in inhibiting carcinogen-induced colon cancer.
NQO1 is a flavoenzyme that catalyzes two-electron reduction of quinones and nitrogen oxides (23, 24) . A major function of this enzyme may be to decrease formation of reactive oxygen species by decreasing one-electron reductions and the associated redox cycling (25) . However, it may also play a role in cancer prevention (23, 26) and has been shown to activate some anticancer drugs (27) . NQO1 consists of two identical protein subunits of 30 kDa whose expression is transcriptionally controlled (23) . The enzyme is induced by a wide variety of inducers (28) . The induction pathway may involve a cytosolic redox signal which alters expression and/or interaction of transcriptional factors like Jun, Nrf, Maf, Fos and Fra with the xenobiotic response element and the antioxidant response element (29) (30) (31) (32) (33) (34) (35) . The enzyme is ubiquitous in eukaryotes but levels vary in different tissues (23, 35, 36 ). An inactivating polymorphism of the NQO1 gene involving a change from cytosine to thymine at base 609 occurs at high frequency in the human population, resulting in reduced NQO1 activity in 40% of the population and no NQO1 activity in 10% of the population (36) (37) (38) .
NQO1 may play a role in inhibiting colon cancer at various stages of tumorigenesis. As we have shown (22) , it can prevent initiation of colon carcinogenesis likely by detoxifying carcinogens. There is also evidence that NQO1 may inhibit colon carcinogenesis at the post-initiation stage. For example, oltipraz given after initiation of carcinogenesis by AOM induced NQO1 together with GST and UGT, and decreased tumor formation in F344 rats (21) . In addition, inducers of phase II detoxifying enzymes have been shown to increase apoptosis in cells in colonic crypts when given after a colon carcinogen (13) . Thus, phase II detoxifying enzymes may inhibit colon carcinogenesis at the post-initiation stage; however, it is not clear whether NQO1 alone can have this effect. Studies have shown that NQO1 can stabilize p53 and increase apoptosis in human colon cancer cells (39) and in mouse cells (40) . Thus, NQO1 may increase apoptosis of initiated cells in colonic crypts and this could be enhanced by inducers of this enzyme.
In this study we investigated if selective induction of NQO1 in Sprague-Dawley rats by the chemopreventive agent, oltipraz, given after initiation of colon carcinogenesis by AOM inhibited the formation of pre-neoplastic lesions and tumors in the rats. In addition, we examined the effect of postinitiation induction of NQO1 on apoptosis in cells in ACF as a possible mechanism for the inhibition of carcinogenesis. For studies of induction of phase II enzymes, SpragueDawley rats were fed control diet or diet containing 200 ppm oltipraz for up to 27 weeks. Rats were euthanized at 6, 15, 21 and 27 weeks and colon mucosa were excised. NQO1, GST and UGT activities were measured as previously described (41) (42) (43) . Enzyme activities in colon mucosa of control fed and inducer fed animals at each time-point were compared by t-tests.
Materials and methods

Sprague
For studies of the effect of oltipraz on AOM-induced ACF, Sprague-Dawley rats were fed control diet from Week -2 to Week 0 ( Fig. 1) . At Week -1 and Week 0 rats received one treatment with AOM at 15 mg/kg by s.c. injection. Starting 24 h after the second AOM injection, rats were fed control diet or control diet containing 200 ppm oltipraz for 12 weeks. All the rats were then euthanized, colons were removed, fixed in 10% buffered formalin and stained with methylene blue. Each colon was cut into 3 equal parts representing the proximal, middle and distal sections of the colon, and ACF number and multiplicity in each section and in the whole colon were enumerated as we have described previously (2,3).
ACF numbers in the two treatment groups were compared by one-way analysis of variance (Student-Newman-Keuls Method). The distribution of crypt multiplicities in the two groups was analyzed by repeated measures ANOVA.
To determine the effect of oltipraz on apoptosis in ACF, paraffin blocks were prepared from each of the 3 colon sections obtained from each rat euthanized at 12 weeks following the last AOM injection. Four (0.5 μm) transverse sections were cut from each block representing sections of the top, middle and bottom of the colon crypts, and the sections were stained with hematoxylin and eosin. The total number of cells and the number of apoptotic cells in 1 to 8 randomly selected ACF from each block were enumerated and the total number of cells and apoptotic cells in the 4 sections for each ACF were combined. The % of apoptotic cells in each ACF enumerated was calculated and results obtained for colons from the two treatment groups were compared by Kruskal-Wallis one-way analysis of variance on ranks. The total number of cells and the number of apoptotic cells in randomly selected normal crypts from the same paraffin blocks were also enumerated and the total number of cells and apoptotic cells in the 4 sections for each crypt were combined. The % of apoptotic cells in each normal crypt enumerated was calculated and results obtained for colons from the two treatment groups were compared by one-way analysis of variance.
For studies of the effect of oltipraz on AOM-induced colon adenomas and tumors, Sprague-Dawley rats were fed control diet from Week -2 to Week 0 (Fig. 1) . At Week -1 and Week 0 rats received one treatment with AOM at 15 mg/kg by s.c. injection. Starting 24 h after the second AOM injection rats were fed control diet or control diet containing 200 ppm oltipraz for 29 weeks. All the rats were then euthanized, colons were removed, fixed in 10% buffered formalin and stained with methylene blue. Each colon was cut into 3 equal parts representing the proximal, middle and distal sections, and adenoma and tumor numbers in each section and the whole colon were enumerated as we have described previously (44) . Adenomas were defined as lesions >2 and ≤10 mm 3 , while tumors were defined as lesions >10 mm 3 . Adenoma and tumor numbers in the two treatment groups were compared by Kruskal-Wallis one-way analysis of variance on ranks.
Results
Effect of oltipraz on induction of phase II detoxifying enzymes in rat colons.
Sprague-Dawley rats were fed control diet or control diet containing 200 ppm oltipraz for up to 27 weeks. At 6, 15 21 and 27 weeks rats were euthanized, colon mucosa were excised and NQO1, GST and UGT activities were measured. NQO1 activity at all time-points was increased by 2.1-to 2.6-fold in the colon mucosa of rats fed the oltipraz containing diet compared with rats fed control diet (p<0.001) (Fig. 2) . In contrast, rats fed oltipraz containing diet did not have increased GST or UGT activities in the colon mucosa. Figure 2 . Effect of oltipraz containing diet on phase II detoxifying enzymes in rat colons. Sprague-Dawley rats were fed control diet or diet containing 200 ppm oltipraz for up to 27 weeks. Rats were euthanized at 6, 15, 21 and 27 weeks and colon mucosa were excised. NQO1, GST and UGT activities were measured. Bars represent the mean ± SE of enzyme activities from 6 to 8 rats. Control fed and oltipraz animals at each time were compared by t-tests.
Effect of post-initiation oltipraz on ACF formation.
Sprague-Dawley rats were fed control diet from Week -2 to Week 0 and were treated with 15 mg/kg AOM at Week -1 and Week 0 (Fig. 1) . Starting 24 h after the second AOM treatment, the rats were fed control diet or control diet containing 200 ppm oltipraz for 12 weeks. The rats were euthanized, colons were removed and sectioned, and ACF number and multiplicity were enumerated. Rats fed oltipraz containing diet had 66.2±7.3 ACF/rat (n=18) while rats fed control diet had 159.9±14.0 ACF/rat (n=18) and this difference was statistically different (p<0.001) (Fig. 3) . The oltipraz diet decreased ACF formation in all of the colon sections. However, oltipraz did not significantly alter the distribution of crypt multiplicities of the ACF (Table I) .
Effect of post-initiation oltipraz on adenoma and tumor formation. Sprague-Dawley rats were fed control diet from Week -2 to Week 0 and were treated with 15 mg/kg AOM at Week -1 and Week 0 (Fig. 1) . The rats were then fed control diet or control diet containing 200 ppm oltipraz for 29 weeks starting 24 h after the second AOM treatment. The rats were euthanized, colons were removed and adenomas and tumors were enumerated. Rats fed oltipraz containing diet had 1.0 ±0.1 adenomas/rat (n=76) while rats fed control diet had 1.7±0.2 adenomas/rat (n=69) and this difference was statistically significant (p<0.02) (Fig. 4) . Rats fed oltipraz diet had 0.37±0.08 tumors/rat (n=76) while rats fed control diet had 0.49±0.08 tumors/rat (n=69) but this difference was not statistically significant (p<0.29). However, when adenomas and tumors in the two groups of rats were compared the oltipraz fed rats Figure 3 . Effect of oltipraz containing diet on ACF formation. SpragueDawley rats were fed control diet from Week -2 to Week 0. At Week -1 and Week 0 rats received one treatment with AOM at 15 mg/kg by s.c. injection. Starting 24 h after the second AOM injection, rats were fed control diet or control diet containing 200 ppm oltipraz for 12 weeks. Rats were then euthanized, colons were removed and ACF numbers were enumerated. Bars represent the mean ± SE of the number of ACF/rat from 18 rats. ACF numbers in the two treatment groups were compared by a t-test. Table I . Effect of post-initiation oltipraz on crypt multiplicity. Group  1  2  3  4 
a -------------------------------------------------Crypt multiplicity (as % of total) -----------------------------------
>4 -------------------------------------------------
.4 -------------------------------------------------
a AOM treated rats were fed control diet or control diet containing 200 ppm oltipraz. At 12 weeks after the last AOM treatment the ACF number and multiplicity in each colon were enumerated. The % of ACF with each multiplicity was calculated for each colon and the means for the two treatment groups are presented. Rats were then euthanized, colons were removed and adenoma and tumor numbers were enumerated. Bars represent the mean ± SE of the number of adenomas, tumors or adenomas + tumors/rat from 69 to 76 rats. Adenoma, tumor and adenoma + tumor numbers in the two treatment groups were compared by one-way analysis of variance. Table II . Effect of post-initiation oltipraz on tumor incidence.
-------------------------------------------------
a -------------------------------------------------Group
No. of rats No. of rats Control  69  25  36.2  Oltipraz  76  23 
Tumor with tumors incidence (%) -------------------------------------------------
-------------------------------------------------
a AOM-treated rats were fed control diet or control diet containing 200 ppm oltipraz. At 29 weeks after the last AOM treatment the number of rats that had colon tumors was enumerated. The % of rats with tumors was calculated.
had significantly fewer neoplastic lesions (p<0.02). This effect was similar in all sections of the colon. In addition, the tumor incidence rate (% of rats with tumors) was 30.3% in rats that were fed oltipraz containing diet while rats that were fed control diet had a tumor incidence of 36.2% (Table II) .
Effect of post-initiation oltipraz on apoptosis in ACF.
SpragueDawley rats were fed control diet from Week -2 to Week 0 and were treated with 15 mg/kg AOM at Week -1 and Week 0 (Fig. 1) . The rats were then fed control diet or control diet containing 200 ppm oltipraz for 12 weeks starting 24 h after the second AOM treatment. The rats were euthanized, and the colons were removed and sectioned. Paraffin blocks were prepared from the colons and 4 transverse sections were cut from each block. The total number of cells and the number of apoptotic cells in randomly selected ACF were enumerated and the % of apoptotic cells in each ACF enumerated was calculated (Table III) . The % of apoptotic cells in ACF was 1.16±0.06 (n=293 ACF from 18 rats) from oltipraz fed rats and 0.72±0.04 (n=303 ACF from 18 rats) from control fed rats and this difference was statistically significant (p<0.001).
Using the same paraffin sections the total number of cells and the number of apoptotic cells in randomly selected normal colonic crypts were enumerated and the % of apoptotic cells in each crypt enumerated was calculated (Table IV) . The % of apoptotic cells in normal crypts was 3.29±0.47 (n=23 normal crypts from 6 rats) from oltipraz fed rats and 2.69±0.57 (n=22 normal crypts from 6 rats) from control fed rats and these results were not statistically different.
Discussion
There is considerable evidence that phase II detoxifying enzymes play a significant role in preventing carcinogen induced colon cancer, and inducers of these enzymes have been extensively investigated as chemopreventive agents (11) (12) (13) (14) (15) (16) 21, 45, 46) . Despite this effort the contribution of NQO1 to this effect remains unclear. We have demonstrated that selective induction of NQO1 in rat colon, without inducing GST or UGT, prior to treatment with a carcinogen significantly inhibited the formation of ACF (22) . This finding suggests that NQO1 plays a role in preventing initiation of colon carcinogenesis. However, evidence suggests that induction of phase II detoxifying enzymes may also inhibit colon carcinogenesis at the post-initiation stage (13, 21) . In this study we used the AOM induced colon cancer University of Manitoba Sprague-Dawley rat model to determine if NQO1 alone can contribute to prevention of colon carcinogenesis at the post-initiation stage. We have previously shown that feeding these rats a diet containing the chemopreventive agent, oltipraz, selectively induces NQO1 in the colons without inducing GST or UGT (22) . Thus, we examined whether post-initiation induction of NQO1 altered AOM induced ACF, adenoma and tumor formation in these rats.
Oltipraz (200 ppm) added to the diet of the SpragueDawley rats increased the level of NQO1 activity in the colons of these rats by more than 2-fold over a period of more than 27 weeks, but did not significantly increase the levels of GST or UGT activities (Fig. 2) . Rats fed oltipraz containing diet starting one day after treatment with the colon carcinogen, AOM, had almost 60% fewer ACF after 12 weeks compared with rats fed a control diet (p<0.001) (Fig. 3) . Similarly, rats fed oltipraz containing diet after AOM treatment developed 40% fewer colon adenomas after 29 weeks than rats fed a control diet (p<0.01) (Fig. 4 ). There were also fewer colon tumors after 29 weeks in the oltipraz fed rats compared with control fed rats, but this difference did not reach statistical significance. However, the combination of adenomas and tumors was significantly lower in oltipraz fed rats than in control fed rats (p<0.02). In addition, the tumor incidence (% of rats developing tumors) was lower in the oltipraz fed animals. Together, these results suggest that NQO1 contributes to inhibition of colon carcinogenesis at the post-initiation stage. However, because oltipraz can induce genes other than NQO1, GST and UGT, we can not rule out a role for some of these gene products in the effects we observed.
There may be several explanations for the lack of a significant difference in tumor formation in the oltipraz fed rats compared with the control fed rats. The most likely is the low number of tumors obtained in this study compared with ONCOLOGY REPORTS 21: 1559 -1565 , 2009 Table III. Effect of post-initiation oltipraz on apoptosis in ACF. ------------------------------------------------- a AOM-treated rats were fed control diet or control diet containing 200 ppm oltipraz. At 12 weeks after the last AOM treatment paraffin blocks were prepared from the colons and 4 transverse sections were cut from each block. The total number of cells and the number of apoptotic cells in randomly selected ACF were enumerated and the % of apoptotic cells in each ACF enumerated was calculated. b From 18 rats. Table IV . Effect of post-initiation oltipraz on apoptosis in normal colonic crypts.
No. of normal % Apoptotic p-value crypts analyzed cells in normal crypts
a AOM-treated rats were fed control diet or control diet containing 200 ppm oltipraz. At 12 weeks after the last AOM treatment paraffin blocks were prepared from the colons and 4 transverse sections were cut from each block. The total number of cells and the number of apoptotic cells in randomly selected normal crypts were enumerated and the % of apoptotic cells in each normal crypt enumerated was calculated. b From 6 rats; c NS, not significant.
previous studies using this rat model. The tumor incidence and tumor frequency (tumors/rat) were 36.2% and 0.49%, respectively, for the control group in this study compared with 71.4% and 1.54%, respectively, in a previous study from our laboratory using the same experimental design (5) . While the reasons for the lower number of tumors are not known, the lower numbers of tumors along with the normal experimental variation from rat to rat likely accounted for the lack of statistical significance between the two experimental groups. It may have been possible to increase the tumor frequency in this study by increasing the time after AOM treatment for enumeration of the tumors, but this was not technically feasible because of the development of tumors in the ears of some of the rats after 29 weeks. University regulations required that these animals be euthanized as soon as these tumors appeared. Although the current study did not demonstrate statistically significant inhibition of tumor formation in oltipraz fed rats compared with control fed rats, we did observe a significant decrease in the number of neoplastic lesions (adenomas + tumors) in the oltipraz fed animals.
The oltipraz diet produced similar effects on ACF, adenoma and tumor formation in all sections of the colon. This finding suggests that oltipraz induced NQO1 in all parts of the colon, and that NQO1 had a similar effect on the carcinogenesis process in all parts of the colon. In addition, the finding that oltipraz did not affect the ACF crypt multiplicity distribution suggests that NQO1 may be producing its effect at an early stage of the carcinogenesis process. A possible mechanism for this effect may be that the induction of NQO1 by oltipraz may increase apoptosis in colonic epithelial cells initiated by the colon carcinogen, AOM. Inducers of phase II detoxifying enzymes have been shown to increase apoptosis in cells in colonic crypts when given after a colon carcinogen (13) . Studies have also shown that NQO1 can stabilize p53 and increase apoptosis in human colon cancer cells (39) and in mouse cells (40) . Thus, induction of NQO1 by oltipraz may stabilize p53 in the initiated cells resulting in increased apoptosis and reduced formation of ACF.
To test this hypothesis we determined the effect of postinitiation oltipraz on apoptosis in cells in ACF. We found that there was a 60% increase in the percentage of apoptotic cells in ACF from oltipraz fed rats compared with ACF from control fed rats. This finding provides support for the hypothesis that NQO1 inhibits colon carcinogenesis at an early post-initiation stage by increasing apoptosis of initiated cells preventing them from progressing to a neoplastic state.
We also determined the percentage of apoptotic cells in normal colonic crypts from oltipraz fed rats and control fed rats. The percentage of apoptotic cells in normal crypts was 4-fold greater than in ACF from control fed rats, but the oltipraz diet did not increase apoptosis in the normal crypts. Our finding of a lower percentage of apoptosis in ACF compared with normal crypts is similar to results we observed previously (47) , and may reflect an enhanced survival mechanism in the initiated cells of ACF that contributes to their increased proliferation and tumor formation.
In summary, this study demonstrated that post-initiation induction of NQO1 decreases the formation of carcinogen induced pre-neoplastic and neoplastic colonic lesions. This may be due to increased apoptosis in initiated colon epithelial cells due to stabilization of p53 protein by NQO1 in these cells. Thus, NQO1 may play a role in preventing colon carcinogenesis at the post-initiation stage, and this enzyme may be an important target for chemoprevention of colon cancer. This conclusion is supported by our finding from a case control study (48) that an inactivating NQO1 polymorphism may be a risk factor for development of colon cancer in humans.
